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Calpains are intracellular cysteine proteases, which include
widely expressed �- and m-calpains (1). Both �-calpains and
m-calpains are heterodimers consisting of a large catalytic sub-
unit and a small regulatory subunit. The calpain small subunit
encoded by the gene Capn4 directly binds to the intracellular
C-terminal tail (C-tail) of the receptor for parathyroid hormone
and parathyroid hormone-related peptide and modulates its
cellular functions in osteoblasts in vitro (2). To investigate a
potential role of the calpain small subunit in osteoblasts in vivo,
we generated osteoblast-specific Capn4 knock-out mice using
the Cre-LoxP system (3). Mutant mice had smaller bodies with
shorter limbs, reduced trabecular bone with thinner cortices,
and decreased osteoblast number. In vitro analysis confirmed
that deletion of Capn4 in osteoblasts severely affected multiple
osteoblast functions including proliferation, differentiation,
and matrix mineralization. Collectively, our findings provide
the first in vivo demonstration that the calpain small subunit is
essential for proper osteoblast activity and bone remodeling.

Calpains are a family of Ca2�-dependent intracellular cys-
teine proteases that include ubiquitously expressed �- and
m-calpains (1, 4). Both �-calpains and m-calpains form het-
erodimers consisting of a large catalytic subunit (80 kDa)
encoded by the genes Capn1 and Capn2, respectively, and a
small regulatory subunit (28 kDa) encoded by the gene Capn4
(1). Disruption ofCapn4 eliminates both�-calpains andm-cal-
pain activities in embryonic fibroblasts (5), suggesting that the
calpain small subunit is essential for maintenance of calpain
stability and activity. Notably, genetic ablation ofCapn4 results
in early embryonic lethality, which demonstrates an essential
role of the calpain small subunit during development (5, 6).
Several lines of evidence suggest that calpains are necessary

for proper osteoblast function in vitro (7–11). However, a phys-
iological role of calpains in osteoblasts in vivo remains to be
established. Chemical inhibition of calpain activity reduces

osteoblast proliferation and differentiation in the MC3T3-E1
osteoblastic cell line (11). Moreover, we have previously
reported that the calpain small subunit directly binds to the
intracellular C-tail of the receptor for PTH2 and PTH-related
peptide and modulates its ligand-mediated cellular functions
(2). Both ligands are known regulators of bone homeostasis in
vivo through their direct actions on cells of the osteoblast line-
age (12–14). Taken together, these findings suggest that the
calpain small subunit could play a critical but yet unknown role
in osteoblast biology in vivo.
To test this hypothesis, we have conditionally ablatedCapn4

in cells of the osteoblast lineage in vivo by using the Cre-LoxP
system. Lack of the calpain small subunit in osteoblasts caused
a significant decrease of both trabecular and cortical bone,
which was associated with a severe impairment of osteoblast
proliferation and differentiation. These findings are the first in
vivo evidence that the calpain small subunit plays a crucial role
in osteoblast function and bone homeostasis.

EXPERIMENTAL PROCEDURES

Generation of Osx-Cre�/� Capn4
flox/flox

Mice—Mice homozy-
gous for floxed Capn4 alleles (Capn4flox/flox) were crossed with
those expressing Cre under the control of osterix promoter
(Osx-Cre�/�) to generate Osx-Cre�/�Capn4flox/� mice (15–
17). These mice were then crossed with either Capn4flox/flox or
Capn4flox/� mice to generate Osx-Cre�/�Capn4flox/floxmutant
mice. All experiments were performed in compliance with the
guiding principles of the Guide for the Care and Use of Labo-
ratoryAnimals and approved by the subcommittee onResearch
Animal Care of the Massachusetts General Hospital (MGH).
Genotype Analysis—Genomic DNA was isolated from tail

biopsies as described previously (18). PCR-based strategies
were used to genotype these mice. The Cre transgene was
detected by PCR using the primers P1 (5�-CGCGGTCTG-
GCAGTAAAAACTATC-3�) and P2 (5�-CCCACCGTCAG-
TACGTGAGAT ATC-3�) to generate an internal sequence of
Cre. Taking an advantage of a floxed construct, in which an
intron 9 was shortened by 1.6 kilobase pairs (kbp), the Capn4
floxed and wild-type alleles were determined using two sets of

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01 DK072102 (to M. S.). This work was also supported by Canadian
Institutes of Health Research Grant MOP-81189 (to P. A. G.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed. Tel.: 617-726-3966; Fax:
617-726-1703; E-mail: shimada@helix.mgh.harvard.edu.

2 The abbreviations used are: PTH, parathyroid hormone; �CT, microcom-
puted tomography; BrdUrd, bromodeoxyuridine; �MEM, �-minimum
essential medium; ALP, alkaline phosphatase; qPCR, quantitative PCR;
siRNA, small interfering RNA; UMR, UMR106-01; kbp, kilobase pairs.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 30, pp. 21002–21010, July 25, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

21002 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 30 • JULY 25, 2008



PCR reactions (15, 19). The floxed and wild-type alleles were
determined as 0-bp (no amplified product) and 1.0-kbp PCR
products, respectively, using primers P3 (5�-GTCAGGCTA-
GATGCCATGTTCC-3�) in exon 9 and P4 (5�-CGACTATC-
CGAGCGCTGCC-3�) within a sequence deleted in floxed
allele in intron 9 and as 0.4-kbp and 2.0-kbp PCR products,
respectively, using primers P3 (5�-GTC AGGCTAGATGC-
CATGTTCC-3�) and P5 (5�-GTTCACTTGGATCTGTCCG-
GTGCC-3�) corresponding to sequences in exons E9 and E10.
Serology—Ionized calcium was measured with the Ciba-

Corning 634 Ca2�/pH analyzer (Ciba-Corning Diagnostics
Corp., Medfield, MA). Serum levels of osteocalcin (Biomedical
Technologies Inc., Stoughton, MA) and tartrate-resistant acid
phosphatase (TRACP) 5b (Immunodiagnostic Systems, Tyne
and Wear, UK) were determined using enzyme-linked immu-
nosorbent assays as described by the manufacturers’
instructions.
Whole Mount Skeletal Staining—The whole mount skeletal

staining was performed as described previously (20). Briefly,
newborn mice were fixed in ethanol for 5 days and then in
acetone for 2 days. Staining with Alizarin red S and Alcian blue
was performed for 3 days at 37 °C. After washing with distilled
water, the skeleton was cleared in 1% KOH and taken through
graded steps into 100% glycerol.
Sample Preparation andHistological Analysis—For histolog-

ical analysis, Osx-Cre�/�Capn4flox/flox and sex-matched con-
trol littermates (Osx-Cre�/�Capn4flox/� and Capn4flox/flox)
were sacrificed at birth and at 2, 4, 9, and 12 weeks of age.
Tissues fromOsx-Cre�/�Capn4flox/flox, and control littermates
were fixed and stored as described previously (21). In selected
cases, hind limbs were decalcified, and paraffin blocks were
prepared by standard histological procedures. To detect oste-
oclast-like cells, tartrate-resistant acid phosphatase (TRAP)
staining was performed using an acid phosphatase detection kit
(Sigma-Aldrich) for some selected samples.
In SituHybridization—In situhybridization analysis was per-

formed as described previously (22). Complementary 35S-la-
beled riboprobes were transcribed from the plasmids encoding
mouse type I collagen (Col.1), mouse matrix metalloproteinase
(MMP)13, mouse osteocalcin (OC), mouse osteopontin (OP),
and rat TRAP using Riboprobe systems from Promega (Madi-
son, WI).
Histomorphometry—For dynamic histomorphometry, ani-

mals were injected intraperitoneally with fluorochromes, cal-
cein, and demeclocycline (20 �g/g of body weight, Sigma-Al-
drich), 3 and 10 days before sacrifice, respectively. Bones were
fixed and embedded in methyl methacrylate resin as described
previously (21). Five-micrometer sections were stained with
Masson Trichrome or coverslipped unstained, and histomor-
phometric analysis was performed with the Osteomeasure sys-
tem (Osteometrics Inc., Atlanta, GA) using standard proce-
dures. Tibial sections were measured in the proximal
metaphysis beginning 340 �m below the chondro-osseous
junction.
Microcomputed Tomography (�CT)—High resolution

images of the femur and lumber vertebra were acquired by
using a desktop microtomographic imaging system
(MicroCT40: Scanco Medical, Basserdorf, Switzerland) as

described previously (23–25). We assessed trabecular bone
morphology in the distal femoral metaphysis and the fifth lum-
bar vertebral body and cortical bonemorphology at the femoral
mid-shaft (voxel size � 12 �m). For trabecular bone, we meas-
ured bone volume fraction (BV/TV, %), trabecular number
(Tb.N, 1/mm), and trabecular separation (Tb.Sp, �m) (see Fig.
3). For cortical bone, we assess the total cross-sectional area
(TA, mm2), cortical bone area (BA, mm2), cortical thickness
(�m), and the polar moment of inertia (MOIpolar, mm4) (see
Fig. 3).
Analysis of Bromodeoxyuridine Incorporation—Two-week-

old mice were injected intraperitoneally with 100 �g of bro-
modeoxyuridine (BrdUrd) and 12�g of fluorodeoxyuridine per
g of body weight 2 h before sacrifice (Sigma-Aldrich). After
sacrifice, hind limbs were dissected, fixed, decalcified, and
embedded in paraffin, and longitudinal sections across the tibia
and femur were obtained. To identify actively proliferating
cells, nuclei that had incorporated BrdUrd were detected using
a Zymed BrdUrd immunostaining kit (Zymed Laboratories
Inc., South San Francisco, CA). For each section, high power
field images of the primary spongiosa and the proliferating
chondrocyte layer were photographed. All BrdUrd-positive
(black) and BrdUrd-negative (light blue) nuclei in these zones
were counted separately. Four or five nonconsecutive sections
were counted for each of two or threeCapn4flox/flox, Osx-Cre�/�

Capn4flox/�, and Osx-Cre�/�Capn4flox/flox littermate speci-
mens at each time point.
Determination of Apoptotic Osteoblasts in Vivo—Apoptotic

osteoblasts were detected in sections of decalcified tibias of
2-week-old Capn4flox/flox, Osx-Cre�/�Capn4flox/� mice, and
Osx-Cre�/�Capn4flox/flox littermates by a terminal deoxynucle-
otidyl transferase-mediated nick-end labeling reaction using
reagents from the in situ cell death detection kit, POD (Roche
Diagnostics). The sections were counterstained with 4,6-dia-
midino-2-phenylindole (Vector Laboratories, Burlingame,
CA).
Osteoblast Isolation and Culture—Osteoblasts were isolated

from calvariae of newborn mice by serial digestion in �-mini-
mum essential medium (�MEM) (Invitrogen) containing 0.25
mg/ml type I and 0.75 mg/ml type II collagenases (Worthing-
ton, Lakewood, NJ). Calvariae were digested for 15min at 37 °C
with constant agitation. The digestion solution was collected,
washed with fresh medium, and digested five additional times.
Digestions 3–6 were collected, washed with �MEM, and cul-
tured in �MEM supplemented with 10% fetal bovine serum
(HyClone, Logan, UT), 1% penicillin/streptomycin (Invitrogen
Corp.) for 48 h. Medium was changed every other day.
Adenovirus Infection—Monolayer Capn4flox/flox osteoblasts

were infected with either control (adeno-lacZ) or Cre-recom-
binase adenovirus (adeno-Cre) at a multiplicity of infection of
100 for most experiments (26). Osteoblasts were harvested
after 48 h. Genomic DNA and total RNA were extracted from
osteoblasts for determination of efficiency ofCre-recombinase.
Alkaline Phosphatase (ALP) Activity—ALP activity was

measured in cell layers using a p-nitrophenyl phosphate sub-
strate (Sigma-Aldrich) as described previously (27). Cells were
cultured in �MEM containing 10% fetal bovine serum, 1% pen-
icillin/streptomycin for 7, 14, and 21 days, respectively.
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Bone Nodule Assay—Cells were cultured in �MEMwith 10%
fetal bovine serum and 1% penicillin/streptomycin supplemented
with 50 �g/ml L-ascorbic acid and 10 mM �-glycerophosphate
(Sigma-Aldrich) (differentiation medium) for 21 and 28 days,
respectively. Cells were then fixedwith 70% ethanol, andmineral-
ized calcium-phosphate depositswere stainedwith eitherAlizarin
red S or von Kossa. Bone nodules were counted using a dissecting
microscope. In some experiments, Alizarin red S dye was eluted
and quantified as described elsewhere (27).
Real-time Quantitative PCR (qPCR)—The efficiency of Cre-

recombinase driven by the osterix promoter or adeno-Cre was
assessed using real-time qPCR on genomic DNA isolated from
tibiae of Osx-Cre�/�Capn4flox/flox and Capn4flox/flox mice and
from primary osteoblasts harvested from Capn4flox/flox mice
infected with either adeno-lacZ or adeno-Cre. In brief, tibial
diaphyses of Osx-Cre�/�Capn4flox/flox and Capn4flox/flox mice
were isolated, extensively flushed in phosphate-buffered saline,
and incubated in �MEM containing collagenases I and II at
37 °C for 45min to remove hematopoietic cells and soft tissues.
The diaphyses were then crushed and further digested with
collagenase in �MEM medium. Genomic DNA was isolated
using standard protocols. Real-time qPCR was then performed
at 60 °C for 40 cycles in the Opticon continuous fluorescence
detector by using a SYBR Green PCR kit (Qiagen) and primers
P3 andP5. To determineRNAexpression of various genes, total
RNA was extracted from cells by using the RNeasy Mini kit
(Qiagen). First-strand cDNA was synthesized using the First
Strand cDNA synthesis kit for reverse transcription-PCR
(Roche Diagnostics) followed by real-time qPCR. Samples were
run in duplicate, and the results were normalized to GAPDH
expression (26). Primer sequences were as follows:ALP, P6 (5�-
CACGCGATGCAACACCACTCAGG-3�) and P7 (5�-GCAT-
GTCCCCGGGCTCAAAGA-3�); Capn4, P8 (5�-CCAGCTG-
GCTGGAGACGAC-3�) and P9 (5�-GCGGCCTCAAAGGC-
GCCTG-3�); Col.1, P10 (5�-CACCCTCAAGAGCCTG AGT-
C-3�) and P11 (5�-GTTCGGGCTGATGTACCAGT-3�);
GAPDH, P12 (5�-AACTACATGGTCTACATGTTCCA-3�)
and P13 (5�-CCATTCTCGGCCTTGACTGT-3�); NaPi3, P14
(5�-CACCCATATGGCTTCTGCTT-3�) and P15 (5�-CAGG-
AATTCATAGCCCAGGA-3); OC, P16 (5�-ACCCTGGCTG-
CGCTCTGTCTCT-3�) and P17 (5�-GATGCGTTTGTAGG-
CGGTCTTCA-3�); OP, P18 (5�-CTCCTTGCGCCACAGAA-
TG-3�) and P19 (5�-TGGGCAACAGGGATGACA-3�); PGK,
P20 (5�-GGAACGGGTCGTGATGA-3�) and P21 (5�-GC CT-
TGATCCTTTGGTTGTTTT-3�); Runx2, P22 (5�-AGCTAC-
GAAATGCCTCTGCTG-3�) and P23 (5�-GATCGTTGAAC-
CTGGCCACT-3�); and c-fos P24 (5�-CCACGGTGACAGCC-
ATCTCCACCA-3�) and P25 (5�-GGCTGCAGCCATCTTAT-
TCCTTTCCC-3�) (19, 28–30).
Osteoblast Apoptosis Assay in Vitro—Forty-eight h after

adenoviral infection, osteoblasts were replated in 24-well plates
at a density of 2.5 � 104 cells/cm2. Cells were stained with
annexin V-PE and 7-aminoactinomycin D using Guava PCA
Nexin kit and analyzed by Guava personal cytometer (Guava
Technology Inc., Hayward, CA).
Gene Silencing by siRNA—UMR106-01 (UMR) rat osteosar-

coma cells were plated at a density of 5 � 104 cells/cm2 in
24-well plates. Capn4 and control nonfunctional siRNA were

transfected into UMR cells using Oligofectamine as recom-
mended by the manufacture (Invitrogen). Cells were harvested
48 h after transfection.
Commercially available Capn4 siRNA sequences are as fol-

lows: siRNA/Capn4-1, P26/P27 (5�-ACUGACCGACAGACC-
AUUGGUA-3� and 5�-UACCAAUGGUCGAUCGGUCAGU-
3�); siRNA/Capn4-2, P28/P29 (5�-GGAUCCGACUCUGCUG-
CAAACAUGU-3� and 5�-ACAUGUUUGCAGCAGAGUCG-
GUC-3�) (Invitrogen). Efficiency of Capn4 siRNA was assessed
by calpain activity as described previously (2).
Statistics—Data were calculated from 3 to 5 independent

experiments and expressed as the mean � S.E. of either dupli-
cate or triplicate determinations. Statistical analysis was per-
formed using the analysis of variance or the unpaired Student’s
t test. Statistical significancewas determinedusing Fisher’s pro-
jected least significant difference, and p values less than 0.05
were accepted as significant.

RESULTS

Generation of Mice Lacking Capn4 in Cells of the Osteoblast
Lineage and Characterization of Their Gross Phenotype—Mice
expressingCre under the control of the osterix promoter (Osx-
Cre�/�) were crossedwith floxedCapn4mice (Capn4flox/flox) to
produce Osx-Cre�/�Capn4flox/� mice, which were thenmated
with either Capn4flox/flox or Capn4flox/� to generate osteoblast-
specific Capn4 knock-out mice, Osx-Cre�/�Capn4flox/flox.
Osx-Cre�/�Capn4flox/�, Osx-Cre�/�Capn4�/� and
Capn4flox/flox were also used in the study as control littermates.
Efficiency of Cre activity assessed by real-time qPCR of either
genomic DNA or RNA isolated from 4-week-old mutant tibiae
was �85% (genomic DNA, 86.5 � 2.5%; RNA, 88.7 � 0.8%).

Osx-Cre�/�Capn4flox/flox (mutant) mice were born at the
expected Mendelian frequency and were viable into adulthood
and fertile. Their mean body weight in both sexes was reduced
starting from 4–5 weeks of age in comparison with Osx-
Cre�/�Capn4flox/�, Capn4flox/flox, and Osx-Cre�/�Capn4�/�

control littermates. Surprisingly, at 10 weeks of age, body
weight of Osx-Cre�/�Capn4flox/� male mice was also signifi-
cantly lower than that of the other controls, Capn4flox/flox and
Osx-Cre�/�Capn4�/� (Fig. 1C). Ionized calcium levels of
8-week-old mice were similar between mutant and control
littermates.
The newborn skeleton of Osx-Cre�/�Capn4flox/floxmice was

definitively smaller than that of Capn4flox/flox and Osx-Cre�/�

Capn4flox/� littermates but did not exhibit any obvious pattern-
ing defect (Fig. 1A). Notably, mineralization of the skull was
strikingly impaired in Osx-Cre�/�Capn4flox/flox mice (Fig. 1B).
Osx-Cre�/�Capn4flox/flox Mice Have Decreased Trabecular

Bone and Reduced Expression of Osteoblast-specific Markers—
Detailed histological and in situ hybridization analyses were
then performed on hind limbs isolated from 2-, 4-, and 9-week-
old male mice, respectively, to investigate a putative role of
Capn4 in bonemodeling and remodeling. Tibiae of 2-week-old
Osx-Cre�/� Capn4flox/flox mice had markedly reduced trabec-
ular bone when compared with both Osx-Cre�/�Capn4flox/�
and Capn4flox/flox control littermates (Fig. 2A). Moreover,
expression of osteoblast markers such as MMP13, Col.1, and
OCwas severely impaired inmutant bones (Fig. 2A anddata not

Capn4 Is Essential for Proper Osteoblast Function

21004 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 30 • JULY 25, 2008



shown). A similar phenotype was also detectable in 4- and
9-week-old mutant mice of either sex (Fig. 2, B and C, and data
not shown). Surprisingly, at these ages, Osx-Cre�/�

Capn4flox/flox/� mice displayed a loss of trabecular bone, which
was virtually indistinguishable from that of Osx-Cre�/�

Capn4flox/flox mutants, as shown by routine histology and
detection of Col.1mRNA by in situ hybridization analysis (Fig.
2, B and C). Conversely, Osx-Cre�/�Capn4�/� mice did not
present any detectable bone abnormality at any prenatal or
postnatal age. �CT analysis showed no significant differences
in 12-week-old male and female Osx-Cre�/�Capn4�/� versus
Capn4flox/flox when compared with parameters such as bone
volume per total volume (16.4 � 2.0 versus 15.3 � 4.0%), tra-
becular number (5.1� 0.2 versus 4.6� 0.8/mm), and trabecular
spacing (187.3� 10.2 versus 216.85� 44.5�m) (data for female
not shown). These results, thus, exclude any adverse effect of
the Cre transgene per se on bone homeostasis. It is, therefore,
likely that lack of a single Capn4 allele in cells of the osteoblast
lineage is sufficient to cause bone loss, which, however, is
detectable exclusively in adult mice.
Histomorphometric and �CT analyses were performed on

bone specimens of Capn4flox/flox and Osx-Cre�/�Capn4flox/flox
mice and confirmed a significant decrease of bone volume and
trabecular number with concomitant increase of trabecular
spacing in Osx-Cre�/�Capn4flox/flox when compared with
Capn4flox/flox control male mice at 12 weeks of age (Fig. 3A and
data not shown). Moreover, bone formation rate, osteoblast
number, and mineral apposition rate were all significan-

tly reduced in Osx-Cre�/�

Capn4flox/flox (Fig. 3A). Osteoclast
number was also significantly
decreased in mutants versus con-
trols as indicated by both histomor-
phometry and TRAP staining (Fig.
3A and data not shown). Taken
together, these data suggest that
bone loss observed in Osx-Cre�/�

Capn4flox/flox mice is likely the con-
sequence of decreased osteoblast
number and activity. Consistent
with the findings described above,
serum levels of both osteocalcin and
TRACP 5b, markers of osteoblast
and osteoclast activities, respec-
tively, were markedly reduced in
mutant mice (osteocalcin;
Capn4flox/flox (n � 7), 60.0 � 5.3
ng/ml; Osx-Cre�/�Capn4flox/flox
(n � 9), 39.7 � 2.6* ng/ml.
TRACP5b; Capn4flox/flox (n � 6),
3.9 � 0.6 units/liter; Osx-Cre�/�

Capn4flox/flox (n � 10), 2.7 � 0.3*
units/liter. *, p � 0.05).
Lack of Capn4 in Cells of the

Osteoblast Lineage Reduces Bone
Cortical Thickness and Bone
Architecture—Cortical bone mor-
phology was examined by �CT

analysis at the mid-femoral diaphysis. Total and cortical bone
areas and cortical thickness were significantly reduced in Osx-
Cre�/�Capn4flox/flox mice versus controls, suggesting that the
bone is smaller and that periosteal apposition is inhibited in
Osx-Cre�/�Capn4flox/flox mice (Fig. 3B). In addition, the polar
moment of inertia, an index of torsional strength, was signifi-
cantly lower in mutants than controls (Fig. 3B). Thus, deletion
of Capn4 in cells of the osteoblast lineage causes bone loss in
both trabecular and cortical compartments and severely affects
parameters that predict bone strength.
Lack of Capn4 Impairs Proliferation of Cells of the Osteoblast

Lineage—The reduced osteoblast number observed in Osx-
Cre�/�Capn4flox/flox mice could be a consequence of either
decreased proliferation or increased apoptosis. To distinguish
between these two possibilities, proliferation of cells of the
osteoblast lineage was examined by BrdUrd incorporation in 1-
and 2-week-old mice. The number of BrdUrd-positive cells
detected in the primary spongiosa was significantly reduced in
Osx-Cre�/�Capn4flox/flox when compared with Osx-Cre�/�

Capn4flox/� and Capn4flox/flox littermates (Fig. 4B, panel 1),
whereas chondrocyte proliferation, which served as an internal
control for proper BrdUrd uptake and distribution, was not
affected (Fig. 4B, panel 2). No significant difference in the num-
ber of apoptotic cells determined by terminal deoxynucleotidyl
transferase-mediated nick-end labeling staining was detected
in 2-week-old mutant bones versus controls (data not shown).
Collectively, these data indicate that the reduced osteoblast

FIGURE 1. Lack of Capn4 in cells of the osteoblast lineage causes delay in skeletal development. A and B,
whole mount skeletal staining with Alizarin red S and Alcian blue. The newborn skeleton of Osx-Cre�/�

Capn4flox/flox mice was smaller with no obvious patterning defects (A) but exhibited impaired mineralization of
the skull (B) when compared with the controls. 1, 2, and 3 indicate Capn4flox/flox, Osx-Cre�/�Capn4flox/�, and
Osx-Cre�/�Capn4flox/flox, respectively. C, the mean body weight of Osx-Cre�/�Capn4flox/flox mice was signifi-
cantly reduced in both males and females when compared with Capn4flox/flox, Osx-Cre�/�Capn4flox/�, and
Osx-Cre�/�Capn4�/� littermates. Capn4flox/flox (10 males; 10 females), Osx-Cre�/�Capn4�/� (10 males; 6
females), Osx-Cre�/�Capn4flox/� (15 males; 11 females), and Osx-Cre�/�Capn4flox/flox (10 males; 6 females) were
weighed weekly from 4 to 12 weeks. *, p � 0.05 and **, p � 0.001.
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number observed in Osx-Cre�/�Capn4flox/flox is likely due to
reduced proliferation of cells of the osteoblast lineage.
Lack of Capn4 Impairs Osteoblast Differentiation and Min-

eralization in Vitro—Osteoblast functions were next investi-
gated in vitro. For this purpose, primary calvarial osteoblasts
were harvested from Osx-Cre�/�Capn4flox/� and Osx-Cre�/�

Capn4flox/floxnewbornmice and seeded at a density of 5.0� 103
cells/cm2. Levels of Capn4mRNA expression were reduced by
�90% in Osx-Cre�/�Capn4flox/flox osteoblasts in comparison
with Osx-Cre�/�Capn4flox/�. Cell growth was indistinguish-
able between Osx-Cre�/�Capn4flox/flox and Osx-Cre�/�

Capn4flox/� calvarial cells until day 10 and became signifi-
cantly lower in Osx-Cre�/�Capn4flox/flox cells than Osx-
Cre�/�Capn4flox/� cells on day 14. Osteoblast
differentiation and mineralization, assessed by ALP activity
and mRNA expression of various osteoblast markers, and
number of bone nodules, normalized by cell number at the
time of assay, respectively, were all significantly lower in
Osx-Cre�/�Capn4flox/flox than in Osx-Cre�/�Capn4flox/�
calvarial cells (Fig. 5).
Next, to further investigate a role of Capn4 in osteoblast

differentiation, calvarial cells isolated from Capn4flox/flox
mice were infected with adenovirus expressing either Cre-
recombinase (adeno-Cre) or �-galactosidase (adeno-lacZ).
The efficiency of Cre-recombinase was assessed at both
genomic DNA and RNA levels using real-time qPCR.
Approximately 85% of Capn4flox alleles were successfully
excised in adeno-Cre-infected cells, and their levels ofCapn4
mRNA expression were reduced to less than 10% of those
observed in adeno-lacZ-infected control cells. Forty-eight h
after adenoviral infection, cells were replated at the density
of 1.3 � 105 cells/cm2 (higher density) to allow them to reach
an indistinguishable cell number at the time of assay and,
thus, minimize the confounding effect of impaired prolifer-
ation on the differentiation process. Notably, cell number of
both mutant and control cells similarly increased and
reached a plateau around day 10, when cells were seeded at
the high density (data not shown). When the number of the
apoptotic events was determined by annexin V staining, no
significant difference was detected in Capn4-null calvarial
cells when compared with the controls (ratio of annexin
V-positive early and late apoptotic cells per total cells; con-
trol, 14.3 � 1.8%; Capn4-null, 15.2 � 1.3%). Consistent with
the in vivo data, calvarial cells lacking Capn4 showed signif-
icantly reduced ALP activity (Fig. 6A) as well as impaired
expression of several genes including NaPi3, PGK, and
Runx2 that are early markers of osteoblast differentiation
(Fig. 6B) (28). Expression of late markers of osteoblast differ-
entiation such as ALP, Col.1, and OC was also significantly
down-regulated in Capn4-null cells versus controls (Fig. 6C).
Lastly, Capn4-null cells grown in differentiation medium for
21 and 28 days, respectively, formed only 33% of the bone
nodules observed in control cells (Fig. 6, D and E). Taken
together, these in vitro results confirm that lack of Capn4
impairs both proliferation and differentiation of cells of the
osteoblast lineage as indicated by the in vivo model.
Lack of Capn4 in Cells of the Osteoblast Lineage Reduced

PTH-stimulated c-fos mRNA Expression in Vitro—To further
examine an effect of Capn4 ablation on gene transcription in
cells of the osteoblast lineage, primary calvarial cells were
treated with PTH for 0, 1, and 2 h, and levels of c-fos mRNA
expression were assessed using real-time qPCR. c-fos is a key
downstream target gene of PTH, and its expression increases
rapidly and transiently upon PTH stimulation (31–33). In
adeno-lacZ-infected control calvarial cells, PTH treatment for
1 and 2 h increased c-fos mRNA levels 17- and 9-fold above
basal levels, respectively. This effect was reduced by �35% in
adeno-Cre-infected Capn4-null calvarial cells (Fig. 7A). We
also silenced the calpain small subunit in UMR cells by using

FIGURE 2. Lack of Capn4 in cells of the osteoblast lineage causes osteo-
porotic bone phenotype. A, lack of Capn4 in osteoblasts reduces expression
of osteoblast-specific markers in tibias of 2-week-old Osx-Cre�Capn4flox/flox

male mice. H&E, hematoxylin and eosin. B and C, lack of Capn4 in osteoblasts
reduces trabecular bone in Osx-Cre�/�Capn4flox/� and Osx-Cre�/�-
Capn4flox/flox mice in 4-week-old (B) and 9-week-old males (C). In situ hybrid-
ization was performed using a ribo-probes detecting Col.1 and MMP13 mRNA.
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siRNA technology. siRNAs that specifically targeted Capn4
(Capn4-1 andCapn4-2) reduced calpain activity to 25 and 55%,
respectively, when comparedwith control siRNA (Fig. 7B,panel
1).Capn4-knock-out inUMRcells resulted in a significant impair-
ment of PTH-mediated increase of c-fos expression (Fig. 7B,panel
2). Cell surface expression of the receptor for PTH and PTH-re-

lated peptide determined by ligand
binding assay was indistinguishable
between control andCapn4-null cells
(data not shown). Collectively, these
results suggest that Capn4 could reg-
ulate osteoblast function, at least in
part, by modulating PTH activity in
these cells.

DISCUSSION

Here we report the novel finding
that Capn4 is critically important in
bone development and remodeling
in vivo. Given the early lethality of
the universal Capn4 knock-out
embryos, Osx-Cre�/�Capn4flox/flox
was an appropriate animal model to
investigate the role of the calpain
small subunit in cells of the osteo-
blast lineage (5, 6).
Calpains belong to a family of

intracellular cysteine proteases that
have been shown to cleave numer-
ous and diverse substrates (1). Our
study provided direct evidence that
lack ofCapn4 severely affects prolif-
eration of cells of the osteoblast lin-
eage both in vivo and in vitro. Con-
sistent with these findings, it was

previously reported that a cell-permeable calpain inhibitor atten-
uates proliferation in theMC3T3-E1 cell line (10, 11). The role of
calpain in the cell cycle has beencontroversial.Capn4-null embry-
onic fibroblasts with no calpain activity proliferate normally (5).
However, several studieshave suggested that calpainplays a role in
the cell cycle,mainly atG1 toS transition, by regulatingproteolysis
of various proteins such as cyclin D and A, cyclin-dependent
kinase 2, and p53 (31–33). Our novel animal model demonstrates
that regulation of cell proliferation is indeed a crucial biological
function of the calpain small subunit, at least in osteoblasts.
Lack ofCapn4 in osteoblasts significantly reduces ALP activ-

ity and expression of differentiationmarkers such asALP,Col.1,
OC, and Runx2 mRNAs. Consistent with our findings, a cell-
permeable calpain inhibitor was reported to attenuate osteo-
blast differentiation in theMC3T3-E1 cell line (11). The finding
constitutes the first in vivo evidence that Capn4 is an essential
modulator of cell terminal differentiation in osteoblasts. Nota-
bly, immunostaining for �- and m-calpains performed in the
MC3T3-E1 cell line revealed that m-calpain is a cytoplasmic
protein, whereas �-calpain is both nuclear and cytoplasmic,
which implies that calpains may control gene expression
directly at the transcriptional level (11).
It has been reported that PTH stimulates expression of the

immediate early gene, c-fos, which has a critical role in bone biol-
ogy, by regulatingphosphorylationof the cAMPresponse element
binding protein at serine 133 by protein kinase A (34–38). More-
over, we have previously reported that MC3T3-E1 osteoblastic
cells stably expressing calpastatin show markedly reduced PTH-
mediated cAMP accumulation (2). Lastly, our present study indi-

FIGURE 3. Lack of Capn4 in osteoblasts causes reduced trabecular bone with thinner cortices in adult
mutant mice. A, histomorphometric analysis was performed using tibias of Capn4flox/flox control (n � 6, open
column) and Osx-Cre�/�Capn4flox/flox mutant (n � 6, closed column) male mice. Bone volume per total volume
(BV/TV); trabecular spacing (Tb.Sp.); trabecular number (Tb.N.); bone formation rate per total volume (BFR/TV);
mineral apposition rate (MAR); osteoblast number per total area (Ob/TA); and osteoclast number per total area
(OC/TA), as determined by static and dynamic histomorphometry. B, lack of Capn4 in osteoblasts reduces total
and cortical bone areas, cortical thickness, and indices of mechanical strength as determined by �CT analysis
of the femoral mid-shaft diaphysis. The polar moments of inertia (MOIpolar). Capn4flox/flox control (n � 5, open
column) and Osx-Cre�/�Capn4flox/flox mutant (n � 6, closed column) male mice. *, p � 0.05.

FIGURE 4. Lack of Capn4 impairs proliferation of cell of the osteoblast
lineage in vivo. A, incorporated BrdUrd was detected by immunostaining
using anti-BrdUrd antibody in proximal tibias of 2-week-old male mice.
B, quantitative analysis of BrdUrd (BrdU)-positive osteoblasts in primary spon-
giosa (panel 1) and of chondrocytes in the proliferative layer of the growth
plate (panel 2). *, p � 0.05, **, p � 0.01.
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cates that lack of Capn4 reduces PTH-stimulated expression of
c-fos in both primary calvarial and UMR cells. Collectively, these
data thus suggest thatCapn4may regulate osteoblast functions, at
least in part, by modulating PTH activity in these cells.
A role of calpains in bone homeostasis has been previously

proposed by the analysis of universal�-calpain knock-outmice,

which develop osteopenia second-
ary to an increased osteoclast activ-
ity. No detectable osteoblast pheno-
type was reported in these mutant
mice (39). Thus, their bone pheno-
type clearly differs from that of the
osteoblast-specific Capn4 knock-
out mice, which showed both
impaired osteoblast number and
function and reduced osteoclast
number and activity. Altogether,
the phenotype of the Capn4 knock-
out mice may reflect either loss of
m-calpain function or loss of both
m-calpains and �-calpains function
in osteoblasts.
Several lines of evidence indi-

cated that lack of a single Capn4
allele in cells of the osteoblast line-
age causes a detectable bone pheno-
type. Osx-Cre�/�Capn4flox/� mice
started to lose bodyweight around 6
weeks of age, and their mean body
weight became indistinguishable
from that of Osx-Cre�/�

Capn4flox/flox mice at 10 weeks of
age. Although body weight only
serves as an indirect indicator of
skeletal growth, the data suggest
impaired skeletal growth in Osx-
Cre�/�Capn4flox/� mice. More-
over, histological analysis showed
that Osx-Cre�/�Capn4flox/� mice
rapidly develop an osteoporotic
phenotype between 2 and 4weeks of
age. Lastly, proliferation of cells of
the osteoblast lineage as assessed by
BrdUrd incorporation at 2 weeks
was significantly reduced in Osx-
Cre�/�Capn4flox/� mice when
compared with Capn4flox/flox mice,
although it was still �2-fold higher
than in Osx-Cre�/�Capn4flox/flox
specimens. Importantly, Osx-Cre�/�

Capn4�/� were, virtually and as
confirmed by �CT analysis, indis-
tinguishable from wild-type con-
trols, which indicates that the
bone phenotype of Osx-Cre�/�

Capn4flox/� was not the mere con-
sequence of a nonspecific effect sec-
ondary to the presence of the Cre

transgene in cells of the osteoblast lineage. These results are
suggestive of a possible haploinsufficiency phenotype in mice
lacking one allele of Capn4 in cells of the osteoblast lineage.

In summary, lack of Capn4 in cell of the osteoblast lineage
negatively affects both trabecular and cortical bone by impair-
ing proliferation and differentiation of osteoblastic cells. Our

FIGURE 5. Characterization of primary osteoblasts harvested from Osx-Cre�/�Capn4flox/� and Osx-Cre�/�

Capn4flox/flox mice. A, cell number was reduced in Osx-Cre�/�Capn4flox/flox calvarial cells. Cell number was
counted on days 0, 2, 5, 7,10, and 14. B, ALP activity was lower in Osx-Cre�/�Capn4flox/flox calvarial cells. ALP
activity was measured on days 7 and 14 and adjusted by cell number at the time of assay. C, expression of
markers for osteoblast differentiation was reduced in Osx-Cre�/�Capn4flox/flox calvarial cells. Relative RNA
expression of Capn4, ALP, Col.1, and OC was determined using real-time qPCR after 7 days in culture. D, osteo-
blast mineralization was reduced in Osx-Cre�/�Capn4flox/flox calvarial cells. Cells were seeded at the density of
5 � 103 cells/cm2 and cultured in differentiation medium for 21 days. Formation of bone nodules was assessed
by Alizarin red S staining. *, p � 0.05.

FIGURE 6. Characterization of primary calvarial cells harvested form Capn4flox/flox mice and infected with
adenovirus carrying either lacZ or Cre. Cells were infected with either adeno-LacZ or adeno-Cre and, 48 h
later, were replated at the density of 1.3 � 105 cells/cm2. A, lack of Capn4 in osteoblasts reduced ALP activity in
14- and 21-day culture. B and C, relative RNA expression of early (B; 3-day incubation) and late (C; 14-day incubation)
markers for osteoblast differentiation was reduced in Capn4-null primary calvarial cells. D and E, lack of Capn4 in
calvarial cells impaired osteoblast mineralization. Images of bone nodules detected by von Kossa staining (D) and
quantitative analysis of the number of bone nodules (E) are shown. *, p � 0.05.
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data thus indicate that calpains could be important molecules
in pathological conditions such as osteoporosis.
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